1. Introduction {#sec1}
===============

Human papillomaviruses (HPVs) are small non-enveloped viruses of the *Papillomaviridae* family. The genome is circular double stranded DNA of approximately 8 kb that typically contains eight genes \[[@bib1],[@bib2]\]. PVs are classified based on sequence similarity in the gene encoding the L1 major capsid protein. HPVs of the same genus share \>60%, species 60--70% and types \>90% similarity in the L1 gene \[[@bib1]\]. Based on this, HPVs fall into five genera; Nu, Mu, Alpha, Beta and Gamma. The genus *Gammapapillomavirus* is the most divergent and rapidly growing with 27 species and 98 officially recognised genotypes \[[@bib3]\].

Gamma HPVs appear to have broad epithelial tissue tropism with reported detection in cutaneous, mucosal and mucocutaneous sites \[[@bib4],[@bib5]\], including healthy skin \[[@bib6]\], cutaneous lesions \[[@bib7]\], gut \[[@bib5]\], penis \[[@bib8],[@bib9]\], oral mucosa \[[@bib10]\], nasal mucosa \[[@bib11]\], anal canal \[[@bib12]\] and cervical mucosa. These viruses have not been conclusively associated with any pathology or oncogenicity. A recent systematic review \[[@bib13]\] did however describe significantly elevated antibody levels in squamous cell carcinomas (SCCs) cases infected with HPVs from the Gamma-1 species. While gamma HPVs remain largely unstudied at a molecular level, a recent proteomic study of HPV 197 demonstrated that the E6 and E7 proteins of this gamma HPV interact with several cellular targets including some of the important mediators of the oncogenic activities of high-risk E6 and E7 proteins \[[@bib14]\]. The E7 protein of gamma-6 HPV 108 induces dysplasia in organotypic keratinocyte cultures \[[@bib15]\]. The potential oncogenic activity of gamma E6 and E7 proteins requires further investigation. Interestingly HPVs in the gamma-6 species do not encode an E6 protein \[[@bib16],[@bib17]\]. It was recently shown that gamma-6 HPVs or rather E6-minus viruses have acquired a 37 amino acid protein named E10, the open reading frame (ORF) encoding this protein is upstream of the E7 start codon \[[@bib18],[@bib19]\]. However, the acquisition of E10 does not likely compensate for all E6 functions.

In the present study we report the genomic characterisation and phylogenetic evaluation of six novel *Gammapapillomaviruses* types: HPV211, HPV212, HPV213, HPV214, HPV215 and HPV216. These HPVs were previously identified from a study \[[@bib20]\] that was done on 218 penile samples (104 HIV negative and 114 HIV positive) using high throughput sequencing (Roche 454) of amplimers obtained using FAP59/64 primers which were designed to detect "cutaneous" or Beta- and *Gammapapillomaviruses* \[[@bib21]\]. In the study fifteen putative novel HPV types, including HPV211 (CT02, KY063000), HPV212 (CT03, KY063001), HPV213 (CT04, KY063002), HPV214 (CT06, KY063004), HPV215 (CT07, KY063005), HPV216 (CT12, KY063010), were identified from the short HPV L1 FAP fragments with a prevalence varying between 0.5% and 4.1% of men sampled \[[@bib20]\]. We further examined variation of the novel types in clinical specimens from which they were identified.

2. Methods and materials {#sec2}
========================

2.1. Ethics statement {#sec2.1}
---------------------

Ethical approval for the study was granted by the Health Research Ethics Committee of the University of Cape Town, Faculty of Health Sciences (HREC reference: 231/2015 and 258/2006). Written consent was obtained from all the study participants.

2.2. Penile samples {#sec2.2}
-------------------

Samples were obtained from African black men who were participating in a heterosexual couples study on the natural history of HPV infection in South Africa \[[@bib22]\]. Penile swab samples were obtained by dry swabbing of the penile shaft, glans and foreskin, if present, using a Digene swab and stored at −80 °C in specimen transport medium (STM, Qiagen) HPV211 originated from a 29 year old HIV negative, HPV212 from a 42 year old HIV positive, HPV213 from a 28 year old HIV negative, HPV214 from a 24 year old HIV negative, HPV215 from a 41 year old HIV negative and HPV216 from a 45 year old HIV positive individual.

2.3. Nucleic acid isolation and amplification {#sec2.3}
---------------------------------------------

DNA was extracted using the MagNA Pure Compact Nucleic Acid Isolation kit (Roche, USA) and circular genomes enriched using the Illustra TempliPhi 100 Amplification kit (GE Healthcare, Amersham, UK), according to the manufacturer\'s instructions.

2.4. Complete genome amplification {#sec2.4}
----------------------------------

The complete genomes were amplified by PCR using back to back primers ([Table 1](#tbl1){ref-type="table"}) and the KAPA LongRange HotStart PCR kit (KAPA Biosystems, USA). Primers were designed based on the L1 FAP sequences from Meiring and co-workers. 2017 \[[@bib20]\].Table 1Novel HPV L1 back to back type specific primer sequences.Table 1HPV typePrimer SequencesHPV211forward-GTTACGGGGAATTCAGATAGGTAGAGGTGG\
reverse- TTCCAAACCAGTCTTTCATGGTCAGAATTGHPV212forward- ATAGAAATAGGTAGAGGTGGGCCTTTAGG\
reverse-AGCTCGTAATTTCCAAACTAAGCGTTCGHPV213forward-TGGCAGTTACGGGGTGTTGAGGTAGAC\
reverse- CACAAGACGTTCCTCGTTGGGATCATACHPV214forward-GCCTTTGGGTATTGGGTCTACTGGTCAC\
reverse-CCACCCCGTGCAATATCAATGCCACGTAACHPV215forward- ATGGTTTGCAAATTGACAGAGGTGGTCC\
reverse- ATAATTTCCACACCAGCCTTTCATGTTGTGHPV216forward- CAACAGGTCATCCATTATTTGATCGCTTAC\
reverse- TTCCTATCCCTAGGGGACCACCTCTATC

Each reaction had 1X KAPA LongRange Buffer, 1.75 mM MgCl~2,~ 0.3 mM of each dNTP, 0.675 U of the KAPA LongRange DNA polymerase, 0.5 μM of each primer and nuclease free water. The PCR conditions were as follows: 94 °C for 3 min followed by 12 cycles of 25 s at 94 °C, 68 °C (reduced by 2 °C every 2 cycles) for 15 s, and 7 min of extension at 68 °C, followed by 20 cycles of 25 s at 94 °C, 56 °C for 15 s and 7 min at 68 °C. The final extension was performed at 72 °C for 10 min.

2.5. Cloning and sequencing {#sec2.5}
---------------------------

PCR products were gel purified using the MinElute Gel Extraction Kit (Qiagen, Germany) and cloned into the pGEM-T Easy Vector System (Promega, USA). Ten clones of each of the HPV types were selected for sequencing. Illumina sequencing libraries were prepared using the KAPA HyperPlus kit (Roche, USA) according to the manufacturer\'s instructions using TruSeq Dual Index lllumina adaptors (Illumina, USA). Illumina MiSeq 300 bp paired end sequencing was carried out by Macrogen Inc. (Seoul, South Korea).

2.6. Illumina data quality control and assembly {#sec2.6}
-----------------------------------------------

A total of 32,409,876 reads, with a median of 578,992 (range: 352,306--784,098) reads per sample, were included in the analysis. Illumina sequence reads were processed in CLC Genomic Workbench (Qiagen, Germany). Reads were trimmed using a quality score limit of 0.05 and any reads with more than 2 ambiguities discarded. Reads were assembled using the *de novo* assembly function with default parameters and vector sequences trimmed in CLC Genomics Workbench (Qiagen, Germany). Coverage plots were also done using CLC Genomics (see [Supplementary Fig. S2](#appsec1){ref-type="sec"}).

2.7. Nucleotide accession numbers {#sec2.7}
---------------------------------

The novel HPV genome sequences were deposited in Genbank under the following accession numbers: HPV211 MF509816, HPV212 MF509817, HPV213 MF509818, HPV214 MF509819, HPV215 MF509820, and HPV216 MF509821. The sequence reads were also deposited in the Sequence Read Archive (SRA) under the following accession numbers: SRX5369055 to SRX5369122.

2.8. Genomic characterisation {#sec2.8}
-----------------------------

ORF prediction and multiple sequence alignments were done in CLC Genomics Workbench (Qiagen, Germany). The first position of the complete genomes of HPV211, HPV212, HPV213, HPV215 and HPV216 were set at the first ATG of the E6 ORF. For HPV214 the first position was set at the first ATG of the E7 ORF because it lacks the E6 ORF. E1ˆE4 and E2ˆE8 spliced gene products were predicted using manual inspection of splice sites predicted by NNSplice 0.9 \[[@bib23]\] filtered using the set of criteria defined by van Doorslaer and co-workers \[[@bib19]\].

Conserved domains were predicted by directly searching the expected conserved protein or nucleotide sequences in multiple sequence alignments with homologous viral regions or proteins from the closest related HPV types.

2.9. Phylogenetic analysis {#sec2.9}
--------------------------

For the phylogenetic analysis L1 sequences from HPV211-HPV216 and the Papillomavirus episteme (PAVE) database \[[@bib24]\] were aligned with MUSCLE \[[@bib25]\]. A maximum likelihood tree was generated with PhyML 3.0 \[[@bib26]\] using the GTR+I+R substitution model, as determined by jmodeltest \[[@bib27]\]. The approximate likelihood ratio test (aLRT) was used to estimate branch support \[[@bib28]\]. The tree was visualised in iTOL (<http://itol.embl.de/upload.cgi>) \[[@bib29]\].

In order to select the most suitable clone to submit to the International HPV reference laboratory (<https://ki.se/en/labmed/international-hpv-reference-center>) for purposes of nomenclature, multiple whole genome sequence alignments of the clones of each novel type were done and the clone with the highest percentage pairwise identity to the consensus sequence was treated as the prototype reference sequence. The prototype reference clone was sent to the International HPV Reference Centre who assigned HPV numbers on verification of the sequence (HPV211 to HPV216).

2.10. Nucleotide and amino acid variation {#sec2.10}
-----------------------------------------

Nucleotide and amino acid variations in novel HPV types that showed differences in the clones generated were determined from multiple sequences alignments of the clones of each novel type. Percentage nucleotide and amino acid substitutions were also determined for each ORF. The selection pressures acting on the coding sequences of the novel HPVs were estimated by calculating codon-specific non-synonymous (*d*~*N*~) and synonymous (*d*~*S*~) substitution rates using the program SNAP version 2.1.1 \[[@bib30]\] (<http://www.hiv.lanl.gov>). This program uses the unweighted pathway method of Nei-Gojobori \[[@bib31]\] and the Jukes-Cantor model \[[@bib30]\]. The *d*~*N*~*/d*~*S*~ ratios were calculated, with a ratio of 1 indicating neutral selection, \>one diversifying positive selection and \<one negative or purifying selection \[[@bib32]\].

3. Results {#sec3}
==========

3.1. Genomic organisation and phylogeny {#sec3.1}
---------------------------------------

In this study the full genomes of six novel HPVs were cloned into pGEM-T vector and sequenced using Illumina MiSeq 300 bp paired end sequencing. The assembled sequences of the viral genomes revealed a total size of 7253 bp for HPV211, 7208 bp for HPV212, 7096 bp for HPV213, 7357 for HPV214, 7186 for HPV215 and 7233 for HPV216 ([Table 2](#tbl2){ref-type="table"}).Table 2Genome lengths of novel HPV types and ORF positions on the genome and sizes of proteins.Table 2HPV211HPV212HPV213HPV214HPV215HPV216Genome length (bp)725372087096735771867233% GC37.638.239.841.638.637.4**ORF position (Protein size in amino acids)**E61-420 (140)1-447 (149)1-435 (151)--1-438 (146)1-459 (153)E7417-707 (97)444-743 (100)422-715 (98)1-303 (101)440-733 (98)462-755 (98)E1694-2508 (605)727-2526 (600)702-2513 (604)284-2188 (635)717-2528 (604)739-2550 (604)E22429-3619 (397)2465-3628 (388)2449-3624 (392)2130-3296 (389)2473-3624 (384)2495-3667 (391)E4[a](#tbl2fna){ref-type="table-fn"}2940-3380 (147)\<3036--3386(117)2921-3397 (159)2704-3057 (118)2900-3391 (164)2922-3434 (171)L23622-5220 (533)3628-5154 (509)3629-5122 (498)3360-4973 (538)3626-5137 (504)3669-5186 (506)L15231-6781 (517)5166-6719 (518)5133-6659 (509)4984-6519 (512)5146-6696 (517)5195-6748 (518)[^2]

Pairwise comparison of all the novel types showed less than 60% identity to each other meaning they are members of the same genus but different species with the exception of HPV215 and HPV216 (72%) which belong to the same species, Gamma-9 \[[@bib1]\]. HPV211 was most closely related to HPV168 with a pairwise identity of 72% based on the L1 nucleotide sequence. HPV212 was most closely related to HPV144 with a pairwise identify of 82.9%, HPV213 was most closely related to HPV153 with a pairwise identity of 71.8%, HPV214 was most closely related to HPV103 with a pairwise identity of 75.3%, HPV215 was most closely related to HPV129 with a pairwise identity of 76.8% and lastly HPV216 was most closely related to HPV129 with a pairwise identity of 79.2% ([Table 3](#tbl3){ref-type="table"}).Table 3Nucleotide (amino acid) percentage identity to closest HPV type.Table 3HPV211HPV212HPV213HPV214HPV215HPV216HPV type most closely related (% L1 identity)HPV168 (72.0)HPV144 (82.9)HPV153 (71.8)HPV103 (75.3)HPV129 (76.8)HPV129 (79.2)E666 (51)87 (89)72 (56)--73 (69)84 (83)E770 (55)88 (87)73 (61)74 (69)77 (74)80 (76)E169 (61)88 (92)75 (71)72 (65)79 (77)85 (88)E267 (55)90 (90)72 (56)70 (62)75 (70)82 (76)E469 (44)89 (81)79 (40)72 (63)74 (60)83 (75)L265 (53)80 (85)70 (52)71 (62)69 (65)77 (75)L172 (71)83 (92)70 (68)75 (75)77 (80)79 (87)

HPV211 clustered in the Gamma-8, HPV212 in the Gamma-17, HPV213 in the Gamma-13 and HPV214 in the Gamma-6 species as shown in the maximum likelihood tree in [Fig. 1](#fig1){ref-type="fig"}.Fig. 1Maximum likelihood tree of the novel HPV types and related types generated by Muscle alignment \[[@bib25]\] of L1 nucleotide sequences in PHYML \[[@bib26]\] with GTR substitution. Branch support \>80% is indicated by thick branch lines. Asterisks indicate the novel HPVs. The Gamma-HPV species are named according to Bzhalava and co-workers \[[@bib74]\] and the species including the novel types are highlighted in grey.Fig. 1

The novel HPV types demonstrated the classical genomic organisation of *Gammapapillomaviruses*, with seven ORFs encoding five early (E1, E2, E4, E6 and E7) and two late (L1 and L2) proteins. Typical of *Gammapapillomaviruses* the novel types all lacked the E5 ORF. HPV214 additionally lacked the ORF encoding the E6 protein but a putative ORF called E10, upstream of the E7 ORF ([Supplementary Fig. S1a](#appsec1){ref-type="sec"}) was identified \[[@bib18],[@bib19]\]. HPV212 did not have an E4 start codon as has been reported elsewhere \[[@bib33]\]. For all the putative ORFs, nucleotide and amino acid similarities to the closest recognised HPV types are shown in [Table 3](#tbl3){ref-type="table"}, and all were closely related to members of the *Gammapapillomavirus* genus.

3.2. Conserved domains {#sec3.2}
----------------------

The putative E6 protein of all the novel types, except for HPV214 that did not have the E6 ORF, contained two zinc-finger domains (CxxC(x)~29~CxxC) separated by 36 amino acids and the E7 contained one zinc finger domain ([Table 4](#tbl4){ref-type="table"}). Putative PDZ binding domains were also identified in the E6 N-terminal of all the novel types except for HPV212 that did not show the classical x(T/S)x(L/V) PDZ motif ([Table 4](#tbl4){ref-type="table"}). The LxCxE motif \[[@bib34],[@bib35]\] essential for binding of retinoblastoma protein (pRB) was present only in the E7 protein of HPV214 ([Table 4](#tbl4){ref-type="table"}). The E1 ORF of all the novel types contained the ATP binding sites, nuclear localisation like signal (NLS-like) sequences and the nuclear export like sites, while the E2 proteins all lacked the leucine zipper domain (L(x)~6~L(x)~6~L(x)~6~L), but had the NLS-like sequence and the DNA recognition helix. The DNA recognition motif in the E2 protein of HPV214 has a slightly different motif from GxxNx**L**KCxRxR(x)~8~ to the GxxNx**T**KCxRxR(x)~8~, with an Leucine to Threonine modification and the functionality of this motif can only be investigated by functional assays.Table 4Presence and frequency of potential conserved domains in the novel HPV types.Table 4RegionsDomainMotifHPV211HPV212HPV213HPV214HPV215HPV216E6Zinc finger binding domainCxxC(x)~29~CxxC222NA22PDZ binding domainx(T/S)x(L/V)1--1NA11E7Zinc finger binding domainCxxC(x)~29~CxxC111111pRB binding domainLxCxE------1----E1ATP binding siteG(x)~4~GK(T/S)111111Bipartite nuclear localisation signalKRK and KRRL111111Nuclear export domain putative(L/I)(x)~2-3~(L/I)xx(L/I/V)x(L/I/V)1--1111E2Leucine zipper domainL(x)~6~L(x)~6~L(x)~6~L------------DNA recognition helixGxxNxLKCxRxR(x)~8~1111[a](#tbl4fna){ref-type="table-fn"}11Nuclear localisation domainRKRxR/KRRR/KRXR111111L1Nuclear localisation like domainK(K/R)R(K/R)111111L2Nuclear localisation like domain(K/R)~3~R(K/R)111111Transmembrane binding domainG(x)~3~G(x)~3~G111111Furin cleavage siteRx(K/R)R111111Early polyadenylation siteAAT(A)~3~1--1111LCRE2 binding sitesACC(N)~6~GGT331332TATA binding boxTAT(A)~3~111111Late polyadenylation siteAAT(A)~3~111111[^3][^4][^5]

Both the L1 and L2 proteins of the novel types contained NLS-like sequences furthermore the L2 protein also contained the transmembrane binding domain and the furin cleavage site. We also identified early polyadenylation sites (-AATAAA-) at the N-terminal end of the L2 protein of all the novel HPV types. The late polyadenylation sites were located in the LCR region but at differing positions in each novel type. Typical of Gamma-HPVs the LCR of all the novel HPV types contained the palindromic E2 binding sites ACC-(N)6-GGT as shown in [Table 4](#tbl4){ref-type="table"}.

3.3. Novel HPVs nucleotide and amino acid variations {#sec3.3}
----------------------------------------------------

All the clones of HPV211, HPV214 and HPV216 were identical and showed 100% pairwise identity. The clones of HPV213, HPV215 and of HPV212 had several differences. Analysis of mismatches between the 9 genomic clones of HPV212 showed a total of 67 positions that varied along the 7208 bp genome ([Fig. 2](#fig2){ref-type="fig"}A). All the HPV212 clones were unique. Analysis of mismatches between the 10 genomic clones of HPV213 showed a total of 51 positions that varied along the 7096 bp genome ([Fig. 2](#fig2){ref-type="fig"}B). HPV213 had 5 unique clones. Analysis of mismatches between the 6 genomic clones of HPV215 showed a total of 50 positions that varied along the 7186 bp genome ([Fig. 2](#fig2){ref-type="fig"}C). HPV215 had 3 identical and 3 different clones see also [Fig. 2](#fig2){ref-type="fig"}C. All the clones of each type showed between 99.5% and 100% pairwise identity to each other ([Fig. 3](#fig3){ref-type="fig"}).Fig. 2Nucleotide sequence variations across the complete genomes of the different clones of HPV212 (with clone 1 as reference), HPV213 (with identical clones 7 and 8 as reference clones) and HPV215 (with clone 5 as the reference). Similarities are represented by dots and differences by the nucleotide changes. LCR-upstream regulatory region.Fig. 2Fig. 3Percentage pairwise identities of the different full genome clones of HPV212 (A), HPV213 (B) and HPV215 (C). Values of each pairwise comparison of the clones are connected by lines (coloured differently for each clone) and comparison to self is indicated by the 100% pairwise identity point.Fig. 3

Nucleotide changes that resulted in amino acid changes in the different ORFs are shown in [Fig. 4](#fig4){ref-type="fig"}. There were no nonsynonymous changes in conserved functional domains except for two HPV213 clones that had a change from Cysteine to Phenylalanine at the last position of the E7 zinc finger binding domain. In summary the percentage amino acid substitutions for HPV212 clones ranged from 0.98% in the L2 ORF to 2.67% in the E1 ORF, for HPV213 clones from 0% in the E7 ORF to 1.18% in the L1, and lastly in novel HPV215 from 0.56% in the E4 to 1.79% in the L2. In [Table 5](#tbl5){ref-type="table"} below it is shown that all the ORFs of the novel HPV types had *d*~*N*~*/d*~*S*~ ratios less than 1, which is indicative of negative selection pressure or purifying selection.Fig. 4Amino acid variations in the predicted proteins of the HPV212 clones (with clone 1 as reference), HPV213 clones (with identical clones 7 and 8 as reference clones) and HPV215 clones (with clone 5 as the reference).Fig. 4Table 5Comparison of nucleotide and amino acid sequence variability and synonymous to nonsynonymous amino acid changes within HPV212, HPV213 and HPV215 proteins.Table 5ORFNumber of nucleotidesNumber (%) of variable nucleotide positionsNumber of amino acidsNumber (%) of nonsynonymous\
changesNumber of synonymous\
Changes*d*~*N*~*/d*~*S*~ ratio**HPV212**E64475 (1.12%)1493 (2.01%)2 (1.34%)0.47E73004 (1.33%)1002 (2.00%)2 (2.00%)0.00E1180019 (1.06%)60016 (2.67%)3 (1.50%)0.67E211649 (0.77%)3886 (1.55%)3 (0.77%)0.27E43783 (0.79%)1263 (2.38%)0 (0%)0.00L215279 (0.59%)5095 (0.98%)4 (0.79%)0.45L1155415 (0.97%)5186 (1.16%)8 (1.54%)0.45LCR4896 (1.23%)------**Total720867 (0.92%)239041 (1.72%)22 (0.92%)HPV213**E64543 (0.66%)1511 (0.66%)2 (1.32%)0.14E72941 (0.34%)981 (1.02%)0(0%)0.00E1181217 (0.94%)6049 (1.49%)8(1.33%)0.16E2117610 (0.85%)3926 (1.53%)4 (1.02%)0.20E45643 (0.53%)1881 (0.53%)4 (2.13%)0.54L214947 (0.47%)4982 (0.40%)5 (1.00%)0.12L1152711 (0.72%)5099 (1.77%)2 (0.39%)0.55LCR4372 (0.46%)------**Total709651 (0.72%)244029 (1.19)25(1.02)HPV215**E64384 (0.91%)1463 (2.05%)1 (0.68%)0.54E72943 (1.02%)981 (1.02%)2 (2.04%)0.26E1181212 (0.66%)6048 (1.32%)4 (0.66%)0.49E215126 (0.40%)3844 (1.04%)2 (0.52%)0.26E45341 (0.19%)1781 (0.56%)0 (0%)0.00L2151216 (1.06%)5049 (1.79%)7 (1.39%)0.39L115518 (0.52%)5175 (0.97%)3 (0.58%)0.48LCR4901 (0.20%)------**Total718650 (0.70%)243131 (1.28%)19 (0.78%)**

4. Discussion {#sec4}
=============

Pertaining to the phylogenetic tree presented in [Fig. 1](#fig1){ref-type="fig"}, the novel HPV types are placed within their different species of the gamma PVs with high branch support values. HPV211 clustered in the Gamma-8 species alongside five other members. HPV212 becomes the second member of Gamma-17 species after the sole member HPV144 isolated from an oral rinse \[[@bib36]\]. HPV213 becomes the third member of the Gamma-13 species after HPV153 isolated from a condyloma \[[@bib37]\] and HPV128 isolated from a skin wart \[[@bib38]\]. HPV215 and HPV216 become third and fourth members of the Gamma-9 species after HPV129 isolated from a skin wart and HPV116 isolated from a rectal swab \[[@bib39]\]. HPV214 becomes the fourth member of Gamma-6 species after HPV101, HPV103 isolated from cervico-vaginal cells \[[@bib17]\] and HPV108 also isolated from a cervical lesion \[[@bib15]\]. HPV214 was also identified as HPVX by metagenomics sequencing of cervical DNA \[[@bib40]\]. Future studies should examine whether Gamma-6 viruses can be identified in other mucosal and cutaneous sites. In addition to the lack of E6 it is apparent from the phylogenetic tree ([Fig. 1](#fig1){ref-type="fig"}) that the four members of the Gamma-6 species, including the novel HPV214 described in this study, have a considerable phylogenetic distance from other gamma HPV types.

The E5 protein is only present in *Alphapapillomaviruses* and absent in Beta, Gamma, Mu and Nu-papillomavirus \[[@bib41]\]. The functions of this 90 aa protein in high risk HPVs range from the binding of platelet derived growth factor (PDGF) and hence activating it \[[@bib42]\], induction of cell transformation and MHC class 1 antigen presentation inhibition (thereby evading immune response) \[[@bib43]\]. However, *Gammapapillomaviruses* in the absence of E5 proteins are still able to evade the immune system by interfering with IFNγ anti-viral pathway \[[@bib44]\].

The Gamma-6 species lack the E6 ORF and so did HPV214 \[[@bib15]\]. The E6 of high risk HPVs protein is essential in binding of p53 tumour suppressor protein and cell cycle dysregulation \[[@bib45]\]. It appears however that this lost function in HPV214 may be compensated for in its E7 protein as it has an LxCxE motif that has been shown to bind pRB in HPV16 and other high risk HPV types, which is not present in the other novel types (see [Table 4](#tbl4){ref-type="table"}). It has been shown elsewhere that HPV108, another member of the Gamma-6 species can induce dysplasia in organotypic keratinocytes without having the E6 protein \[[@bib15]\], alluding to the fact that once the E6 binding function is not present there are compensatory mechanisms developed through evolution for the viruses to adapt to the host. It was recently shown that gamma-6 HPVs acquired a 37 amino acid protein named E10, the E10 protein is upstream of the E7 start codon \[[@bib18],[@bib19]\] ([Fig. S1a](#appsec1){ref-type="sec"}). However the acquisition of E10 does not likely compensate for all E6 functions.

Zinc fingers are finger like zinc binding domains in protein sequences. These are essential in protein to protein interactions and binding to DNA \[[@bib46]\]. The E6 and E7 protein of the novel HPVs have zinc finger binding domains. In high risk HPV types particularly HPV16 the zinc domains facilitate E6 binding to a number of cellular proteins including p53 \[[@bib45]\]. In high risk HPV types the binding of p53 by E6 protein constitute, in combination with the E7 protein binding of pRB, the hallmark of HPV carcinogenesis \[[@bib47]\]. The E7 protein of most oncogenic HPVs contain a pRB binding domain represented as LxCxE \[[@bib48]\], and of the novel types only HPV214 contained this domain.

We found NLS-like sequences in E1, E2, L1 and L2 proteins of all the novel HPV types. In the L1 and L2 proteins they were NLS-like sequences with slight modifications from the KRK and KRRL signatures, as reported in HPV16 \[[@bib49]\] and HPV199 \[[@bib34]\]. E1 proteins play a primary role in viral DNA replication and hence are found in the nucleus of the host cell. To facilitate this function, E1 proteins have amino acid sequences that are necessary for directing this nuclear localisation \[[@bib34]\]. E1 proteins have a bipartite NLS composed of two clusters separated by about 27-30aa (KRK and KRRL), among the novel types they were separated by 28aa. Another conserved NLS motif RKRxR/KRRR/KRXR, previously described in *Alpha*-HPVs \[[@bib50]\] and also promotes nuclear localisation, was also found in the E2 proteins of the Gamma-HPVs. NLS motifs were also identified in the C-terminus of the L1 and L2 proteins of the novel Gamma-HPVs with the motif (K/R)~3~R(K/R), these have also been described elsewhere \[[@bib49],[@bib51]\].

Other domains are the PDZ binding domain in the N-terminal of E6 \[[@bib52]\], the ATP binding site of E1, the DNA recognition helix of E2 and the furin cleavage site of L2. All these domains play a role in HPV life cycle, the details of the mechanisms of their action are beyond the scope of this paper. However, the transmembrane domain at the N-terminal of the L2 minor capsid protein has been recently described in HPV16 as essential for the translocation of viral DNA across phospholipid bilayer membranes \[[@bib53],[@bib54]\]. The domain consists of G(x)~3~G motifs and similar glycine zippers G(x)~3~G(x)~3~G motifs that together work in unison to facilitate packing of DNA helices to pass lipid bilayers \[[@bib34]\]. This domain was also identified in all the L2 proteins of the novel types, but its functionality in *Gammapapillomaviruses* has not been explored.

LCR palindromic E2 binding sites ACC-(N)~6-~GGT \[[@bib55]\] were present in all the novel HPV types, these have also been described elsewhere \[[@bib56]\]. The origin of replication of papillomaviruses lies in the LCR and contains more than one E2 binding sites ([Table 4](#tbl4){ref-type="table"}) \[[@bib57]\]. The E2 protein of HPV16 acts as an activator and repressor of viral transcription and initiation of replication, partitioning of genome and binds to two forms of palindromic sites: ACC-(N)~4~-CGGT and ACC-(N)~6-~GGT. The former site binds with higher affinity compared to the latter \[[@bib58]\]. The novel HPVs described in this study had the latter form of the palindromic binding sites which bind weakly as described for HPV16, but this may not apply to the E2 from the novel types.

Polyadenylation sites are adenine rich and facilitate viral mRNA splicing. The early sites are positioned at the 5′ end of the L2 protein, while the late polyadenylation sites are usually downstream of the L1 protein within the LCR \[[@bib17],[@bib59]\]. We identified early polyadenylation sites (-AATAAA-) at the N-terminal (5') end of the L2 protein of all the novel HPV types. The late polyadenylation sites were located in the LCR but at differing positions in each novel type.

In this study we showed that HPV212, HPV213 and HPV215 novel types each had full genome clones with at least 99.5% pairwise identity to each other ([Fig. 3](#fig3){ref-type="fig"}). It has been suggested that differences in a single genetic region cannot be used to define a variant, and rather that the complete genome be used for variant classification instead of just the L1 ORF \[[@bib60]\]. A common nomenclature for HPV variants and sub-lineages using complete genomes is being implemented \[[@bib61]\]. The complete genomes of each of HPV212, HPV213 and HPV215 clones displayed \<0.5% pairwise difference in nucleotide sequences. By strict definition a sub-lineage is an isolate of the same HPV type that differs from the other by a minimal of 0.5% and maximal of 1% difference \[[@bib61], [@bib62], [@bib63]\] and hence the clones do not fit the definition of sub lineages according to Burk and co-workers \[[@bib61]\].

The intra-host genetic diversity of the novel gamma HPVs was examined here by Illumina sequencing of multiple whole genome clones of each type amplified from individual clinical specimens. This is the first study of intra-host variation of *Gammapapillomaviruses*. While there was no variation in the genomes of HPV211, HPV214 and HPV216 we identified 67, 51 and 50 variable nucleotide sites in the genomes of HPV212, HPV213 and HPV215, respectively. This diversity was greater than expected. Papillomaviruses have long been thought to have a low rate of mutation and to co-evolve with their hosts \[[@bib32],[@bib64],[@bib65]\] due to the fact that they hijack the host cellular DNA replication machinery for replication which includes high fidelity polymerases with proof reading activity (with an error rate of about 4.3 × 10^−5^ \[[@bib66]\]) and post-replication repair. However, similar to our findings, several recent NGS-based studies report high intra-host variability in *Alphapapillomaviruses* in clinical specimens used Ion Torrent sequencing of long PCR amplicons of the HPV16 genome and identified between 3 and 175 variable nucleotide sites per genome in samples \[[@bib65],[@bib67],[@bib68]\]. Hirose and co-workers \[[@bib68]\] identified an average of 7 nucleotide variations (range 0--85) per sample in the genomes of HPV16, HPV52 and HPV58. Dube Mandishora and co-workers \[[@bib65]\] identified hundreds of variant sites in the PGMY region of the L1 gene of HPV16, HPV18 and HPV52 using Illumina sequencing. Several explanations have been proposed for the high variability observed, including the generation of variants during infection due to the activation of host polymerases with lower fidelity \[[@bib65]\] as well as the recruitment of members of the APOBEC (apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like) family of mutagenic enzymes \[[@bib68], [@bib69], [@bib70]\] resulting in mutations rates higher than the human autosomal mutation rate.

The *d*~*N*~*/d*~*S*~ ratios for all ORFs of HPV212, HPV213 and HPV215 were less than 1 indicating purifying selection ([Table 5](#tbl5){ref-type="table"}). This is in agreement with previous findings that the ORFs of HPV16 and other *Alphapapillomavirus* are under strong purifying selection \[[@bib71], [@bib72], [@bib73]\]. Purifying selection is likely the result of the requirement for maintaining functional viral proteins for the successful completion of the virus life cycle. There were no nonsynonymous changes in conserved functional domains except for a Cysteine to Phenylalanine at the last position of the E7 zinc finger binding domain found in two HPV213 clones. Whether this amino acid change is deleterious to the functioning of E7 was not explored.

5. Conclusions {#sec5}
==============

The characterisation and classification of HPV211, HPV212, HPV213, HPV214, HPV215 and HPV216 add these novel types to the repertoire of the ever expanding *Gammapapillomavirus* genus. We make the fourth announcement of an HPV lacking the E6 ORF. It is apparent from the phylogenetic tree ([Fig. 1](#fig1){ref-type="fig"}) based on L1 nucleotide sequences that the four members of the Gamma-6 species, besides the unusual genome (lack of E6 ORF), also have a considerable phylogenetic distance from other HPV types. Further investigations into the Gamma-6 species and tissue tropism and potential disease association of the other novel HPVs described here is warranted in order to empirically evaluate their clinical significance. We recommend further studies into intra-host viral diversity.
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The following are the Supplementary data to this article:Supplementary Fig. S2Coverage plots of the six genomes of the novel Gamma-HPVs. Only the prototype sequences are shown here.Supplementary Fig. S2Supplementary Fig. S1a_b**a**. Alignment of putative E10, (37 amino acid protein) of HPV214 with the E10 proteins of the most closely related HPV types from Gamma-6 species.**b**. Alignment of the E7 proteins of the novel HPVs and closely related HPVs. The positions of the retinoblastoma protein binding domain and zinc finger binding domains in E7 are indicated by the black boxes.Supplementary Fig. S1a_b
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[^1]: These authors contributed equally.

[^2]: start codon not determined for HPV212.

[^3]: N represents any nucleotide, and x represents any amino acid.

[^4]: LCR: long control region. Retinoblastoma binding protein (pRB).

[^5]: The DNA recognition motif of HPV214 E2 has a L to T modification GxxNx**T**KCxRxR(x)~8)~.
